ABSTRACT High dynamics for wide-band hybrid direct sequence/frequency hopping (DS/FH) systems may cause Doppler frequency dispersion (DFD). Existing parameter-search schemes use a serial mode to avoid high signal-to-noise ratio (SNR) loss caused by DFD, however, these schemes have large computation loads. To mitigate this problem, we propose a keystone transform-based method to eliminate DFD. The proposed scheme reduces the computational cost by parallel search without performance degradation. First, referring to the differential-coherent integration algorithm, the proposed scheme cancels out the pseudonoise code in the received signal. Then, the keystone transform is utilized on each hop to eliminate the DFD and focus the signal energy on a certain frequency. Finally, using a fast Fourier transform, the dynamics parameter can be searched in parallel. The detection performance and computational cost of the proposed scheme are analyzed and compared with those of existing search schemes. The result confirms that, for the same detection performance, the proposed scheme significantly reduces computational cost.
I. INTRODUCTION
The acquisition of an incoming wide-band hybrid direct sequence/frequency hopping (DS/FH) signal requires numerous tests for measuring transmission delay and velocity hypotheses, which are performed by pseudo-noise (PN) code phase and frequency search [1] . The received signal is characterized by two main defining frequencies: modulation frequency and Doppler frequency. Various methods for frequency hopping (FH) pattern frequency synchronization have been reported [2] - [6] . In this study, we assume that the FH pattern frequency is synchronized, and therefore, the frequency search can be converted into a search problem related to the relative velocity between the transmitter and the receiver.
Under low signal-to-noise rate (SNR) scenarios, the signal's energy over one hop is insufficient for reliable detection. Therefore, it is necessary to accumulate energy over different hops. However, the Doppler frequency dispersion (DFD) caused by the jumps in modulation frequency disperse the The associate editor coordinating the review of this manuscript and approving it for publication was Abdel-Hamid Soliman.
signal energy in the frequency domain, impacting the effect of energy accumulation.
Several search schemes have been introduced in previous studies to accumulate signal energy in the velocity and delay spaces. These schemes are divided into a two-dimensional (2-D) grid search scheme and a two-order (2-O) linear search scheme.
The 2-D grid search scheme performs a joint search in the velocity and delay space [7] - [9] . Under each velocity search cell, the received signal needs to be mixed with a local regenerated carrier, and then, the cross-correlation value between the mixed signal and local PN code in all delay cells are computed as the detection variable. By this way, the signal energy can be accumulated within the target cell. Although the 2-D grid search scheme is effective for energy accumulation, it requires a relatively large number of search cells, and this increases the computational cost.
The 2-O linear search scheme was proposed to reduce the computational cost by searching delay and velocity spaces separately [10] - [14] . In the delay search stage, the scheme adopts differential delay conjugate multiplication to eliminate the carrier component of the received signal. Thus, the delay can be searched without considering the effect of velocity. The search result of the delay is used for local PN code regeneration in the velocity search stage. By multiplying the received signal with the local regenerated PN code, the PN code of the received signal can be removed. Then, the velocity can be searched without considering the PN code modulation. To improve the detection performance in low SNR scenarios, [7] - [9] use the serial Doppler frequency compensation method for signal energy accumulation in velocity cell. Although the DFD can be eliminated, this method requires considerable calculations. The parallel search method based on fast Fourier transform (FFT) accumulates the signal energy in frequency domain, reducing the computational cost substantially [10] - [17] . However, it cannot eliminate the DFD, causing the deterioration of detection performance.
In this study, we propose a keystone transform (KT)-based method to blindly eliminate the DFD before the use of the FFT-based parallel velocity search. Analysis and simulation results confirm that the proposed scheme can effectively reduce computational cost without performance degradation. As binary phase shift keying (BPSK) is the most common and basic modulation form, in this study, we adopt BPSK as an example for the analysis.
The rest of the paper is organized as follows: Section II introduces the signal model in fast frequency hopping system with BPSK modulation; Section III presents the proposed method; Section IV discusses a theoretical analysis of the detection performance and the computational cost; Section V discuss the parameter configuration of the proposed search scheme by numerical simulation and shows the performance comparison to the 2-D grid and 2-O linear search schemes; and Section VI provides the conclusions. 
II. SIGNAL MODEL
The block diagram of DS/FH signal detection is shown in Fig. 1 . Under a certain FH search cell, the received signal is mixed with the local FH signal from a voltage-controlled oscillator. Next, the mixed signal passes through a low-pass filter, converted to the baseband signal. Finally, the delay and the velocity are searched before detection.
The complex baseband signal considering an additive white Gaussian noise channel can be expressed as [4] 
where H 0 denotes the signal absent hypothesis; H 1 denotes the signal present hypothesis; n denotes the index of samples; s (n) is the baseband DS/FH signal; and v (n) is the additive complex white zero-mean Gaussian noise with variance σ 2 . Under H 1 hypothesis, the FH-pattern frequency has been synchronized, and the absolute value of residual delay |τ 0 | is smaller than the duration of one hop T h 2. Thus, s (n) is given as
where A is the signal amplitude; λ 1 is the ratio of the relative velocity between the transmitter and the receiver to the light velocity; T s is the sampling interval; f r is the center carrier frequency; d (t n ) ∈ {−1, +1}, c (t n ) ∈ {−1, +1}, and f h (t n ) are the data symbol, PN code, and hopping frequency, respectively, where t n = nT s −(τ 0 +λ 1 nT s ). In this study, we focus on a fast FH system. For convenience in the following derivations, we divided signal y (n) into different segments with length N = T h T s . The mth segment can be expressed as
where 
and
T is the noise component. 
expresses the PN code and carrier within the mth segment, where
To simplify the expression, we omit the noise item in this Section III, putting the SNR analysis in Section IV. III. PROPOSED SCHEME Fig. 2 shows the search strategy of the proposed method; it comprises two stages of search: a global search over the entire delay space, and a joint search over the partial delay space and the entire velocity space. For the second stage, we propose a KT-based method to blindly eliminate the DFD within the search of velocity space.
A. GLOBAL DELAY SEARCH
In this stage, we refer to the differential-coherent integration algorithm presented in [15] to search for the delay. First, the differential local PN code matrix is computed offline through delay conjugate multiplication. The delay is one PN code chip-length (T c ), which implies the sampling must delay = T c T s points. A row-switching matrix T δ is defined herein to express the delay processing given as
where δ is a variable expressing the delay sampling points. Therefore, the differential local PN code matrix can be expressed asC
where C 0 is the local PN-code sampling matrix
The received signal y m is similarly processed online. The differential received signal is given as
The carrier component is eliminated in (9) . After a coherent combination, the cross correlation function betweenỹ m and the local differential PN code is given as
whereR =C H C , L is the coherent combination length, LT h is the corresponding integration time. The delay search result τ c can be inferred from the peak location of R c . Assuming that R c (n) is the nth element of R c ;τ c can then be expressed aŝ
B. PARTIAL SEARCH
In low-SNR scenarios, weak signals require long-term energy accumulation. Affected by high dynamics, the peak position of PN code cross-correlation function linearly drifts, which reduces estimation accuracy of delay. Therefore, a doubledwell search is required in the delay space. The search range of delay in the second dwell is τ 0 − T c 2, τ 0 +T c 2 , with partial search cells aŝ (12) where Q denotes the length of the partial delay search space. The velocity space should be ergodic under each partial delay search cells. Under a certain delay search cell, the local PN code
By multiplying y m with c (q) , the PN code component of y m can be removed. The dispersed signal can be expressed as
where
T is the carrier component within the s q,m ; and
When τ 0 =τ f (q), G q = I N , and (13) can be approximated as an FH signal. Fig. 3(a) shows the normalized power spectral density (PSD) of the s q,m . As shown, the signal energy is dispersed in the frequency domain. Thus, a direct accumulation of multi-hop energy in the frequency domain may causes a considerable loss in SNR. Therefore, to eliminate dispersion, a blind frequency correction method based on KT is proposed. Let us define the nth element of s q,m as s q,m (n). Then, we have
where 2π λ 1 f m T s is the phase interval between the two sequential signal samples s q,m (n) and s q,m (n + 1). If the phase interval can be compressed with the ratio f m f r , the stepping can be changed to 2π λ 1 f r T s . Then, the carrier component becomes irrelevant to f m and DFD can be eliminated.
The stepping strength or compression can be implemented via resampling. First, by the Nyquist-Shannon sampling theorem, the discrete s q,m (n) can be recovered as a continuous signal as
Then, we samples q,m (t) with the interval f r T s f m to obtain the resampled signal as
The resampling operations in (16)- (17) can be realized using KT, which can be expressed as
and W m is the interpolation kernel of KT, as characterized in previous studies [18] , [19] 
with
where n and i denote the index of the row and column of W m , respectively, and M is the truncated window size. In general, M N , and thus, there are a large number of zero elements in W m . Compared with the N points sinc function in (16), the truncated sinc in W m can effectively reduce the computational cost. After the application of KT, the DFD is completely corrected. The interval of the carrier phase in eachs q,m is equivalent to 2π λ 1 f r T s . Fig. 3(b) illustrates the normalized PSD of s q,m . The energy is accumulated at λ 1 f r . Then, the energy of the multi-hop can be accumulated in the frequency domain.
To reduce computational cost, the signal in the frequency domain can be obtained by FFT. However, considering the impact of the fence effect, we adopt the zero padding FFT. Considering the detection performance and computing load, the value of FFT points (N t ) should make a compromise. The FFT matrix is given as
Thus, the frequency-domain signal is given as
Then, the signal energy in qth partial delay search cell and nth velocity cell after K times non-coherent combination is given as
where z q,m (n) is the nth element of z q,m . After ensuring that all search cells are ergodic, the signal energy statistics matrix can be expressed as
The search result is given as
Then µ ∞ is then output as the detection variable.
The main steps of the proposed scheme are stated in Algorithm 1. Generate local code with delayτ f (q) by (12).
Algorithm 1 The Proposed Scheme
5:
Compute despread signal s q,m by (13).
7:
Use KT by (18) to obtain non-DFD signals q,m .
8:
Compute frequency-domain signal z q,m by (22).
9:
Get energy accumulation result µ (q, n) by (24). 
IV. PERFORMANCE ANALYSIS A. POWER ANALYSIS
The SNR of R c and µ affect the detection performance.
Signal power and noise power should be discussed before the detection performance analysis. In the global delay search stage, the signal energy is accumulated via differentialcoherent integration. The signal power of R c is
where α is the amplitude loss caused by the code phase migration during integration, and it is given as [20] 
According to [22] , the noise power of R c can be expressed as
In the partial search stage, the SNR loss is caused by the PN-code mismatch of despreading and the fence effect of FFT. The SNR loss of the KT is less than 0.01 dB, which can be ignored [13] . In accordance with (24), the signal power of the frequency-domain signal z q,m is
and the noise power is σ 2 2 = N σ 2 .
B. DETECTION PERFORMANCE
In the first search stage, the proposed scheme only selects the maximum value for delay estimation without detection. The case wherein the error of search result is less than 0.5 chip is regarded as a correct search; P c denotes the correctness probability. A constant false alarm detection is adopt in the second stage, where µ ∞ is the detection variable, P n is the detection probability, and P fa is the false alarm probability. According to [22] , [23] , the total detection probability of the proposed scheme is the product of P c and P n , given as P D = P c P n , and total false alarm probability is P FA = P fa .
1) GLOBAL DELAY SEARCH
When the absolute value of the search error ofτ c is less than the 0.5 chip, the search result is correct. The correct probability is given as [21] 
where F 1 (x; H 0 ) is the cumulative distribution function (CDF) of the elements in R c under hypothesis H 0 , and f 1 (x; H 1 ) is the probability density function (PDF) of the element in R c under hypothesis H 1 .
The statistical characterization of the relevant elements was thoroughly investigated. The form of the R c distribution was identical to the differentially combined output in [20] . The PDF of R c can be approximated as χ 2 -distributed with 2 degree of freedom (DOF). Under the H 0 hypothesis, F 1 (x; H 0 ) can be expressed as a central χ 2 -distributed random variable with σ 2 1 , which can be expressed as
Under the H 1 hypothesis, f 1 (x; H 1 ) can be expressed as a noncentral χ 2 -distributed PDF with 2 DOF [23] :
where I 0 (x) is the 0-order Bessel function.
2) PARTIAL SEARCH
We adopted a threshold-crossing criterion for the binary detection problem. The detection variable is evaluated over the partial delay space and entire velocity space by employing a maximum strategy [22] . The signal is considered acquired if the maximum value is greater than the detection threshold. According to [24] , [25] , the detection and false alarm probabilities P n and P fa with V t are defined as
where F 2 (y; V t , H 0 ) and F 2 (y; V t , H 1 ) are the CDFs of the elements in µ under hypotheses H 0 and H 1 , respectively.
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Reference [25] provides a statistical characterization of the noncoherent combination step resulting in
where Q K (a, b) is the K th-order Marcum Q-function.
C. COMPUTATIONAL COMPLEXITY
The computational cost of the 2-D grid search, 2-O linear search, and the proposed schemes are analyzed as follows. Table 1 lists the computational cost for all schemes. The 2-D grid search scheme is a global joint search, while the velocity is searched in a serial mode. The delay search cells are ergodized under each velocity search cell by the FFT-based parallel-code phase-search technique. According to [26] , [27] , the scheme requires N v K N log 2 N + 2 times multiplication and 2N v KN log 2 N + 1 times addition (N v is the number of velocity search cells).
The 2-O linear scheme searches delay and velocity separately. In the global delay search stage, it uses differential-coherent integration with N L +log 2 N +1 times multiplication and N L +2log 2 N times addition [15] . In the partial search stage, for a certain search cell, it requires N (K +2) times multiplication and KN times addition given that K is the noncoherent combination length [25] . When the number of partial delay search cells is Q, the velocity space search requires a total of QN v N (K +2) times multiplication and QN v NK times addition.
The only difference between the proposed scheme and 2-O linear scheme is the search method in the velocity space. By KT and FFT, the proposed scheme allows searching the entire velocity space in parallel. To accumulate signal energy, the velocity search requires K times noncoherent combination. For each combination, the proposed scheme includes a KT, an N t points FFT, and N times square operation. When the window size of the interpolation kernel is M , the number of multiplications and additions in the KT are NM . Besides, the number of multiplications and additions in the N T point zeros-padding FFT are 0.5K N t log 2 N t and K N t log 2 N t , respectively.
The parameter values affect both the detection performance and computational cost. For a fair comparison of computational cost, the parameter values required to maintain high detection performance need to be discussed. The proposed algorithm consists of two search stages. In order to achieve the same performance as the 2-D grid search scheme, which only has a single search stage, the value of K in the proposed scheme should be larger than that in the 2-D grid search scheme. Compared with the 2-O linear search scheme, the proposed scheme has different processing in the partial search stage. However, under the same parameter configuration, the SNR loss and the detection performance of these two schemes are the same. Therefore, the computational cost of these two schemes can be compared under the same parameter configuration.
Here, a simple computational cost comparison is provided in principle. Compared with the 2-D grid search scheme, the proposed schemes requires a significantly lower number of search cells. Although the computational cost for searching a single cell is relatively high (the difference is no higher than one order of magnitude) in the proposed scheme, the total cost is reduced. Compared with the 2-O linear search, the proposed scheme replaces the serial Doppler compensation by FFT; the computational cost can be effectively reduced using this fast processing method. As the search range of the FFT is determined by the sampling rate, a down-sampling process can be used to reduce the search range of the FFT such that it covers the required search range. This process can help further reduce the computational cost.
V. NUMERICAL ANALYSIS
This section compares the computational costs of the 2-D grid, 2-O linear, and the proposed search schemes via numerical simulations. For a fair comparison between computation costs, the detection performance of the various schemes should be as similar as possible. As the parameters affect both the detection performance and the computational cost, we first discuss the parameter configuration in Section V-A and B as the basis for the computational cost comparison in Section V-C. Constant false alarm detection is adopted with false alarm probability P FA = 10 −5 . The simulation results are obtained by 10 4 times Monte Carlo simulations. Table 2 lists the simulation conditions.
A. PARAMETER CONFIGURATION ANALYSIS FOR PROPOSED SCHEME
The values of parameters L and K determine the detection performance of the proposed scheme. The effect of these two parameters on the detection performance is simulated and analyzed in this section to provide the basis for the computational cost comparison. In general, detection probability P D = P c P n is required to achieve the value over 90%. Herein, we set P c ≥ 95% and P n ≥ 95% to ensure P D ≥ 90%. As the parameter L only affects P c and K only affects P n , we discuss these two parameters separately. Fig. 4 shows the effect of the differential coherent combination length L on the correct probability P c in the global delay search stage. ''Theo'' indicates the theoretical value As shown, under the same value of K , the P D of the proposed scheme is lower than that of the 2-D grid search. To draw a fair comparison of the computational cost, the values of K need to be different in these two schemes. Let us consider an input SNR = −17 dB as an example. In the case of P D > 90% as a performance constraint, the value of K in the proposed scheme should be at least 8. While in the 2-D grid search, K = 7 is the least value that satisfies this constraint. For the 2-O linear search scheme, it has same P D as the proposed scheme, and therefore, the computational cost of these two schemes can be compared under the same values of the parameter configuration.
In theory, for the sake of fairness, the computational cost among different methods should be compared under the same detection performance. However, the P D of the 2-D grid search and proposed schemes are discretized and have no intersection, given that K can only be an integer. Therefore, the P D of different schemes cannot remain identical. Thus, to improve persuasiveness, we put forward a higher performance constraint for the proposed scheme. K should have the minimum value that satisfies the following conditions: 1) Detection probabilities of all these three search schemes should be higher than 90%;
2) Proposed scheme can achieve higher detection probability of the two methods.
Taking input SNR = −18 dB as an example, in the proposed and 2-O linear search schemes, k = 12; whereas, in the 2-D grid search scheme, K = 10. 
C. COMPUTATIONAL COST COMPARISON
Figs. 7 (a) and (b) show the numerical results of the computational cost. The minimum parameters that satisfy the detection performance constraint are listed in Table 3 . As shown in the figures, the computational cost increases with a decline in input SNR; the lower the input SNR, the greater is the increment. Compared with the two existing schemes, the proposed scheme requires less multiplication and addition operations. The difference is over one order of magnitude.
VI. CONCLUSIONS
In this study, we proposed a search scheme for parameter search in wide-band hybrid DS/FH systems, which is based on two sequential one-dimensional searches. By using KT, the proposed scheme eliminated the DFD and provided the basis for applying FFT in the velocity space search without additional SNR loss. The application of FFT effectively reduced the computational cost. The numerical simulations showed that, when the required minimum detection probability is 90%, in comparison to the 2-D grid search and 2-O linear search schemes, the proposed scheme required low computational cost and showed better detection performance. For a higher minimum detection probability limit, the proposed scheme needs to be further modified to improve competitiveness.
